ABSTRACT The universal filtered multi-carrier (UFMC) has been taken as a promising candidate for future wireless communication, where a finite impulse response filter is employed to shape the waveform and enhance its resistance to inter-carrier interference. In previous studies, the Dolph-Chebyshev filter had been used due to its low-sidelobe levels, but at the cost of low flexibility to filter the performance control. Hence, this paper puts forward an effective scheme to design an anti-interference filter for UFMC system, where the Nyquist condition (or sampling inter-symbol interference equivalently), the in-band distortion, and the out-of-band emission are taken into consideration. First, this paper models the filter design as a constrained minimax optimization concerning above-mentioned filter performance indexes. Then, the original nonconvex constraints on Nyquist condition are approximately transformed to a linear matrix inequation and two linear inequations. Finally, the optimization problem is solved by semidefinite programming. The numerical examples explicitly demonstrate the flexible performance tradeoff of the proposed method, in which the included filter performance indexes can be effectively controlled. Moreover, the bit-error-rate (BER) tests of the UFMC system confirms the effectiveness of our study, where the designed filters show BER advantages over filters of the previous literature. Therefore, the proposed waveform shaping filters can benefit variant applications of UFMC for its flexible performance tradeoffs as well as the improved anti-interference performance.
I. INTRODUCTION
The potential applications in near future, such as Machine Type Communications (MTC) and Internet of Things (IoT), motivate a revolution in communication network, in which heterogeneous services and devices should be supported [1] - [3] . Accordingly, not only high throughput is required, but also low latency, cost-efficient energy, high scalability and reliability, improved connectivity are demanded [3] - [5] . To support such diverse even contradicting requirements, a unified frame structure had been proposed in 5GNOW project, in which a mixture of synchronous/asynchronous and orthogonal/nonorthogonal traffic types could be handled [6] . Meanwhile, novel multicarrier waveforms were investigated to challenge the widely adopted orthogonal frequency division multiplexing (OFDM). These waveforms, including filter-bank multicarrier (FBMC) [7] , generalized frequency division multiplexing (GFDM) [8] , [9] and UFMC [10] , [11] , are more robust than OFDM due to their suppressed spectral side-lobe levels, which can be achieved by applying well-designed anti-interference filters for symbol shaping [6] , [8] . Consequently, the sensitivity of a communication system to time-frequency misalignment is reduced, the use of fragmented spectrum is facilitated and the system scalability as well as efficiency is improved [4] , [12] .
Among all the alternative waveforms to OFDM, UFMC was considered as a superior choice for short burst transmission, and it had been successfully implemented in an uplink coordinated multi-point (CoMP) scenario [10] . Generally, UFMC can be viewed as an intermediate technique between OFDM and FBMC, which combines the simplicity of OFDM and the interference resistance of FBMC [13] . The filtering operation in UFMC is performed on a group of consecutive subcarriers with improved spectral localization, which considerably shortens the filter length. Thus, the implementation complexity as well as transmit latency is decreased significantly compared with that of FBMC. Meanwhile, there is no need to insert cycle prefix or guard interval, leading to great improvement on spectral efficiency [1] . In addition, the quadrature amplitude modulation (QAM) in transmitter and the FFT-based processing in receiver make UFMC compatible to Multiple Input Multiple Output (MIMO) techniques in OFDM [14] . On the other hand, filters for block-based shaping in GFDM are derived from a prototype filter circularly shifting in time and frequency domain. As a result, a matched filter (MF) receiver accompanied with a successive interference cancelation are required at the cost of computation complexity and MIMO compatibility [6] . Accordingly, the UFMC is investigated in this paper for its broad prospects in future applications like IoT and MTC.
In UFMC systems, the prototype filter for sub-band shaping is a key issue. Different from the methods like coding and windowing in OFDM [15] , [16] , waveform shaping filters with stopband attenuation improvement can be applied to enhance side-lobe suppression between resource blocks, and subsequently to minimize ICI. Conventionally, the DolphChebyshev (DC) filter with 40dB side-lobe attenuation was chosen as the prototype filter [6] , [10] . Note that 40dB side-lobe attenuation is a popular choice for all generations of cellular communications. This DC filter was obtained through an explicit expression, in which only the filter length, the main-lobe width and the stopband attenuation could be traded for performance requirements [17] . Such a DC filter is lack of flexibility in filter performance tradeoff. Once the required filter length is small and the stopband attenuation is large, the width of the main-lobe must be large, resulting in enhanced interference to adjacent subcarriers [8] , [18] .
Recently, two different optimization criteria had been introduced to optimize the UFMC filter based on the analysis of ICI [13] , [14] . The first criterion is to maximize Signal over out-of-band Leakage Ratio (SLR), while in the second criterion, i.e., Signal to in-band Distortion plus out-of-band Leakage Ratio (SDLR), the in-band distortion is additionally included for the calculation of ICI. Significant signal to interference ratio (SIR) improvements can be achieved by these two criteria even in the presence of carrier frequency offsets (CFO) and timing offset (TO). However, there are two drawbacks in above methods. First, the resistance to time-frequency offset requires the prior knowledge of time-frequency offset, i.e., the estimated time-frequency offset should be input as parameters in the process of filter design. Then, the estimation error as well as the onlinedesign operation will cause great difficulties in fulfilling the requirements of low latency and low energy consumption. Second, although a set of multicarrier parameters (like a filter ''codebook'') can be provided for different circumstances [14] , it is difficult to make a balance between the codebook storage and the mismatching problem, especially in the low-cost MTC or IoT devices. Furthermore, the interference source may be beyond time-frequency offset in realworld applications, such as phase noise and time-selective fading, thus it is not appropriate to design filters matched to certain values of time-frequency offset.
Under the framework of Gabor system, different variations of orthogonal, bi-orthogonal, and non-orthogonal multicarrier schemes had been discussed [19] . Particularly for FBMC, to achieve good spectral robustness against interference, its prototype filter was designed for optimal side-lobe suppression at the cost of sacrificial Nyquist condition [20] , [21] . Because of block-wise filtering, UFMC goes beyond the classical Gabor scheme, and the filter design scheme of FBMC cannot be directly applied to UFMC shaping filters. Meanwhile, conventional studies of UFMC filter produce deficiencies as indicated previously, i.e., the insufficient flexibility of performance tradeoff or the strong assumption of prior knowledge. In order to tackle above issues, we choose the conventional off-line filter design, and test its robustness to variable frequency misalignments.
In our design, we model the design of UFMC filter as a constrained minimax optimization, where three filter performance indexes are addressed, i.e., the passband ripple, the stopband attenuation and the Nyquist condition. Since the waveform interference strongly depends on the latter two indexes, we mainly focus on the performance tradeoff between Nyquist condition and stopband attenuation. Besides, the main-lobe width as well as the transition band can be adjusted by a fall-off factor α for more freedom in filter design, and this factor also defines the passband and stopband in optimization. Moreover, different from the autocorrelation and spectral factorization in [22] and [23] , here the constraint inequations of Nyquist condition are directly established according to the power-complementary property [24] , [25] , from which we can quasi-equivalently derive a LMI and two linear inequations. Finally, the presented optimization problem is solved under the SDP framework. From the numerical examples of filter design, it is explicit that the tradeoff of filter performances is definitely more flexible than those of conventional methods. Furthermore, according to the BER results in UFMC simulations, it has been found that the filter with better sampling inter-symbol interference (ISI) is preferred than the one with improved stopband attenuation, which is different from the conclusion of FBMC system in [20] . In fact, benefiting from the improved performance tradeoffs, the proposed filters can outperform the DC filter and the SLR filter in BER tests. Summarily, the proposed method is effective to design competitive UFMC waveform filters with good anti-interference performance. Besides, the advantage of flexible performance tradeoff makes it competent to meet diverse requirements of future UFMC applications.
The remaining parts of this paper are structured as follows. Section II describes the UFMC system and gives some knowledge about Nyquist condition. The proposed optimization method for UFMC filter is presented in Section III, in which the approximately transformed constraints for Nyquist condition are given in detail. Section IV shows the filter examples and the BER comparisons in UFMC simulations. Conclusions are drawn in Section V.
II. THE UFMC SYSTEM AND NYQUIST CONDITION
In previous UFMC researches, the effect of sampling ISI has been paid few attentions. But according to the experience in FBMC system, in order to restrict the ISI coming from the applied filter, people should take the Nyquist condition into account.
A. THE UFMC STRUCTURE
In the CoMP scenario [10] , the UFMC was originally implemented with double filter-bank in the transmitter and receiver. Further, a simplified UFMC system with FFT demodulation in receiver had been presented in the 5GNOW project [6] . This simplified one has also been exploited in our study, and the corresponding transceiver block diagram is depicted in Fig. 1 , in which the overall bandwidth is divided into B sub-bands.
At the transmitter, the QAM signals are firstly transformed by a N -point IDFT operation and then filtered by an antiinterference FIR filter with the length L. The resulted symbols from each sub-band having a length N + L − 1 are summed up for transmitting. At the receiver, before the FFT-based processing, N − L + 1 zeros have to be appended to each symbol to make the sample number equal powers of 2. Then, the transformation from time-domain to frequency-domain is executed by a 2N -point FFT. Afterwards, each output of even-finger is discarded and the remaining N outputs contain the demodulated signals. In addition, the frequency-domain symbol processing like single-tap equalizer can be applied to obtain the final symbol estimates.
B. NYQUIST CONDITION
For data transmission systems, the Nyquist condition is necessary to guarantee the perfect or near-perfect reconstruction of the transmitted signals. Ideally, the filter pulse response h(n) is expected to meet the following equation in time-domain
or equivalently the below equation in frequency-domain, which is also known as the power complementary property [24] , [25] 
In these two Nyquist conditions, M denotes an integer called over-sampling factor. Besides, g(n) represents the coefficients of a Nyquist filter, which can be acquired by a convolution operation to the square root (SR)-Nyquist filter h(n). Generally, above condition (1) and (2) are too restrictive for SR-Nyquist filter to satisfy, because the Nyquist condition can be relaxed for the improvement of other filter performances. Although the deviation of Nyquist condition may introduce interference among successive samples, it is usually small when compared to the residual interferences due to the propagating channel. The designed filters with sacrificed Nyquist condition had been successfully applied in FBMC for better robustness [20] .
To design a SR-Nyquist filter, an iterative method had been provided, in which the control of ISI was roughly achieved by adjusting its weighting in a combined cost function with stopband energy [24] . More precisely, another kind of method based on autocorrelation technique and spectral factorization had been applied to constrain ISI under a certain threshold [22] . In this kind of method, the nonconvex problem due to convolution was circumvented, and the performances of the final SR-Nyquist filter could be traded by spectral factorization with different targets. However, the retrieved filter owning nonlinear phase response is not suitable for its application in UFMC. Therefore, in the proposed method, the constraint inequations for Nyquist condition are approximately established based on the power complementary property (2) by including a LMI as well as two linear inequations. This method is directly aimed at the SR-Nyquist filter, i.e., the prototype filter for UFMC.
III. THE PROPOSED DESIGN OF UFMC FILTER
Looking at the frequency response of the Dolph-Chebyshev filter, we find the nearly equiripple similar to those filters designed by the Remez exchange algorithm. Moreover, the optimized filter by SLR criterion, which outperforms the designed according to the criterion SDLR, also has an equiripple characteristic in frequency domain. Therefore, the classical minimax criterion [26] is chosen in our study of UFMC filter, in which the nearly equiripple can be achieved. Then, the optimization problem of minimax design is formulated as below, in which the amplitude ripple in stopband is taken as the cost function and the amplitude ripple in passband is constrained. Accordingly, the designed filter is essentially utilized to suppress spectral side-lobe levels.
where δ m p is the threshold for constraint of passband ripple and A(ω, h) is the amplitude response of an UFMC filter. Because the filter is a Type I FIR filter (its coefficients are symmetric with odd filter length), the amplitude response can be defined by a matrix product
with
In the optimization problem (3), when the ending frequency point of passband ω p and the starting frequency point of stopband ω s is specified, the passband ripple can be traded for better stopband attenuation through the decreasing threshold δ m p . Different from the filter design in FBMC system, there is no explicit requirement on ω p and ω s in UFMC [13] , [17] . Thus, taking a roll-off factor α in our study, we can respectively define ω p = (1 − α)ω c and ω s = (1 + α)ω c , in which ω c is the cutoff frequency equals to half of the sub-band. As a result, the transition width (ω s −ω p ) can be an additional object for performance tradeoff in the design of UFMC filter.
In previous research of UFMC filter, the Nyquist condition has not been taken into account, thus we include this condition in our study. First, the power complementary property in (2) is rewritten as
Correspondingly, the constraints on Nyquist condition can be expressed by the following inequations.
where the θ is used to control the relaxation of Nyquist condition. If the autocorrelation technique in previous methods is adopted, then above inequations can be transformed to linear and convex ones. However, we want to do optimization directly on the SR-Nyquist filter, i.e., the UFMC filter. Instead, the first inequation in (7) is second-order and the other is nonconvex about the variable vector h. For simplicity, the first inequation in (7) is transformed to
where Q(ω) is a positive-defined matrix
Finally, the original inequation turns out to be a linear matrix inequation (LMI).
where R(ω) is the Cholesky decomposition of Q(ω), i.e., Q(ω) = R T (ω)R(ω) Before modifying the second inequation in (7), we divide the frequency interval [0, Because the amplitude response in passband is always larger than zero, thus the square can be eliminated and a linear inequation is achieved. 
As claimed in [27] , the cutoff frequency point ω c = π M had a great effect on filter performance, and an iterative Remez algorithm had been applied for SR-Nyquist with better stopband attenuation. In this algorithm, the ω p or ω s is adjusted to make the attenuation on ω c approximate 3dB level.
Meanwhile, according to previous studies, the
M k, h)| 2 is very likely decreasing in the region 2 . Therefore, the inequation in (13) is further expressed as
where the complementary symmetry between |A(2π − π M , h)| and |A( π M , h)| has been employed. Taking the combination of inequation (10), (12) and (14) into the optimization problem (3), we get the optimization problem of UFMC filter as
where
]. In this optimization problem, δ m p is a pre-specified threshold to give the requirement on passband ripple, and the variable α implicitly determines the passband and stopband. Besides, the ISI threshold θ will be relaxed in our design for UFMC filters, it can strike a balance between the Nyquist condition, passband ripple, stopband attenuation and transition width. Under the SDP framework, above problem (15) can be solved effectively.
IV. NUMERICAL EXAMPLES AND ANALYSIS
In this section, we carry out the optimization of UFMC filter by the proposed method, while both the Dolph-Chebyshev filter with 40dB side-lobe attenuation and the filter by maximizing SLR are included for comparison. Note that, the DC filter is obtained through an explicit formulation provided with the filter length and the required stopband attenuation. For SLR filter, the formula calculation based on eigenvalue decomposition is applied, in which the measured CFO as well as the UFMC settings should be given. Here, the settings of the UFMC system are specified as shown in Tab. 1. Accordingly, for the UFMC filter design, the oversampling factor is specified as M = 8, and the filter length is L = 2M + 1. Before detailed comparisons, we should define the performance indexes, including the passband ripple (R p ), the stopband attenuation (A s ), the ISI measurements in both frequency-domain and time-domain (ISI f &ISI t ), viz.,
and
Note that, the passband ripple is traditionally measured in the region [0, ω p ]. By contrast, the frequency response in the sub-band, i.e., the region [0, ω c ], is more concerned in UFMC, hence the passband ripple in (16) is counted in this region. According to above definitions, we first provide the performances of the DC filter and the SLR filter in Tab. 2, while the latter is optimized for a uniformly distributed CFO in the range of −0.1 to +0.1. Then, we will compare the filters in Tab. 2 with the filters designed by the proposed method. 
A. THE NUMERICAL EXAMPLES OF FILTERS
For the filters in Tab. 2, ω s denotes the minimal frequency point yielding the attenuation equivalent to A s , and it also determines the main-lobe width of the UFMC filter. Meanwhile, there is no explicit definition for the frequency point ω p [13] , [17] , which means that this frequency parameter as well as the filter transition width is uncontrollable in the methods for DC filter and SLR filter. By contrast, in the proposed method, both ω s and ω p should be pre-specified in optimization, i.e., controllable through the roll-off factor α. Typically, α = 0.6568 is applied to make the main-lobe width of the designed filter consistent with the DC filter. Besides, α ∈ {0.12, 0.22, 1.0} are simultaneously employed for different performance tradeoff and further comparison in UFMC simulation. On the other hand, the threshold of Nyquist condition will also affect the tradeoff of filter performances. Thus, θ takes different values to relax the Nyquist condition to certain extents. In our simulations, the set of θ is {0.05, 0.1 : 0.1 : 1.0}.
In Fig. 2 , the performances of the proposed filters are presented, from which we can clearly see their tradeoffs provided by the varying θ . Note that the tradeoffs will approach floors for a large θ , which is actually beyond the real-working requirement. It is explicit that the Nyquist condition is well constrained in the time-domain and nearly constrained in the frequency-domain due to its transformed constraints in (15) . The approximate consistency between ISI t and ISI f can be verified from the corresponding curves in subfigures (c) and (d). Moreover, subfigure (a) reveals that R p is increasing w.r.t the relaxed Nyquist condition, and a smaller α can lead to larger controllable R p . Conversely in subfigure (b), a larger α can produce more freedom for the improvement of stopband attenuation though it is simultaneously conducted along increasing θ . Therefore, it can be concluded that the ISI threshold θ as well as the transition width determined by α can dramatically affect filter performances including passband ripple, stopband attenuation and Nyquist condition. By contrast, in the designs of DC filter and SLR filter, such flexible performance tradeoff does not exist.
For further comparison in UFMC simulation, some designed filters with {θ 1 = 0.05, θ 2 = 0.2, θ 3 = 0.4, θ 4 = 0.6} are picked out, and their performances are presented in Tab. 3. Meanwhile, the comparison of their magnitude responses can be observed from Fig. 3 , in which the conventional filters in Tab. 2 are also provided.
The performance results in Tab. 3 numerically reflect the tradeoffs observed from Fig. 2 , which are caused by the combined effects of α and θ . Definitely, they can be relaxed for better stopband attenuation in the proposed method. While for both improvement of stopband attenuation and Nyquist condition, α should be relaxed with strict limitation on θ. As for each θ, a larger α denotes larger transition width as well as larger main-lobe width, which can be obviously seen from Fig. 3 . Besides, most magnitude responses present nearly equiripple characteristic due to the design criterion of minimax and the enough freedom of performance tradeoff. Moreover, when α is increasing, the equiripple level is improved with better stopband attenuation. By contrast, the SLR filter has the worst ISI as well as the smallest mainlobe in its magnitude response, and its advantage on stopband attenuation can only be kept over the proposed filters with α = 0.12 and α = 0.22. In addition, the DC filter yields the same main-lobe width as the proposed filters with α = 0.6568, but its ISI is similar to the worst case of the proposed filters. Meanwhile, the stopband attenuation superiority of DC filter disappears when compared to the proposed filters with increasing α and θ . It demonstrates the superiority of the proposed method for flexibly design of UFMC filter. Besides, although the DC filter and the SLR filter can be designed with less complexity, the proposed method is more flexible and effective to design filters with different performance tradeoffs. Subsequently, we can see that this advantage of performance tradeoff is beneficial to the anti-interference ability of UFMC system.
B. THE BER TEST IN UFMC SYSTEM
This subsection provides the BER comparisons for the filters in Tab. 2 and Tab. 3. All the filters are applied to the UFMC system, whose transceiver diagram and parameters have been presented in Fig. 1 and Tab. 1 respectively. In order to test the system robustness against interference, i.e., to verify the reliability of filters, we include the effect of CFO in UFMC simulations with CFO∈ {0, 0.1}. The final BER comparisons for these two cases are shown in Fig. 4 and Fig. 5 .
From Fig. 4 , we explicitly see the worst BER performance of the SLR filter, since its ISI performance is the worst. Furthermore, the filters designed by the proposed method can produce advantages over the DC filter in terms of BER, although the latter has a better stopband attenuation than most of the proposed filters in Tab. 3. Therefore, it is explicit that the proposed filters can outperform the traditional filters in terms of the anti-interference ability. Meanwhile, the proposed performance tradeoff gives the possibility to adapt filter to the practical environment. From above figures, we can also find that the BER performance degrades with the increasing θ . As θ becomes larger, the BER advantage of the proposed filter over DC filter is reduced, and the proposed filter with larger α may conversely outperform in BER results. Accordingly, it may be deduced that for the filter in UFMC system, the ISI is a more important factor than the stopband attenuation (equivalent to side-lobe attenuation), and it must be considered in the design for UFMC filter. In Fig. 5 , the BER is obtained under CFO=0.1. Due to the strong interference, the BER gaps between the proposed filters and conventional filters are remarkable, the former have an absolute advantage over the latter. Moreover, a larger α causes a stronger interference and therefore worse BER performance, especially when θ is small. At the same time, we can find that the BER results of the designed filter are degrading as the Nyquist condition threshold θ is increasing, which is more evident than that in Fig. 4 . When θ is set as 0.6, the BERs of the designed filters are approaching that of the DC filter. Such finding once again indicates the importance of the ISI, i.e., the Nyquist condition should be controlled under a certain small value when we design the filter for UFMC.
V. CONCLUSION
In this paper, an effective method is proposed for the design of UFMC filter, in which more filter performance indexes are considered and controlled for tradeoff, including passband ripple, stopband attenuation, transition width and Nyquist condition. Among the tradeable performance indexes, the Nyquist condition is deep investigated, which has been paid few attenuation in previous studies. Its corresponding constraints are approximately implemented by a LMI and two linear inequations in the constrained minimax optimization. In order to demonstrate the effectiveness of the proposed method, numerical examples are presented, in which the optimization problem with different threshold of ISI are solved by SDP. From the results, we can find that the proposed method has more flexibility than the traditional methods in the area of designing anti-interference filters for UFMC. Consequently, the designed filters show superiority on BER results in UFMC system simulations. Notably, the filters with better ISI rather than better stopband attenuation can produce better BER results, which is effective to enhance the robustness of UFMC system. 
